Introduction
Carbonaceous aerosols are composed of elemental carbon (EC) and many organic compounds that are collectively considered as organic carbon (OC) or organic matter.
1 They account for a major fraction (5-9% EC and 20-50% OM) of ne (PM 2.5 ) particle mass in mid-latitudes including in China. 2, 3 EC is derived from incomplete combustion of fossil fuel and biomass burning. OC can be directly emitted into the atmosphere (primary) from anthropogenic and natural (soil dust and biota) sources and can also be formed by oxidation of reactive organic gases of both the origins and subsequent gasto-particle conversion in the atmosphere (secondary). 4, 5 According to solubility in water, OC is further classied into two groups: water-soluble OC (WSOC) and water-insoluble OC (WIOC). It is generally believed that WSOC is mainly derived by secondary formation 6 but biomass burning also contributes signicantly. 7 WIOC is thought to be mainly from primary origins with a substantial contribution from fossil fuel combustion and marine emissions. 8 However, recent studies indicate that the contribution of WIOC from biomass burning and secondary formation are also signicant. 9 Carbonaceous aerosols have received great attention in recent times due to their adverse effects on environment, climate, agriculture yields, public health and visibility. [10] [11] [12] [13] [14] [15] [16] [17] They also play an important role in chemistry of the atmosphere. 18 EC is a strong absorber of sunlight and causes positive radiative forcing (warming) at the top of the atmosphere and the negative radiative forcing (cooling) at the Earth's surface, whereas OC is highly reective to sunlight and cause cooling effect.
19 WSOC can alter the hygroscopic properties of atmospheric aerosols and thus enhance the capability of particles to act as cloud condensation nuclei (CCN) 20, 21 that should result in the indirect radiative forcing.
22,23
In recent times, high aerosol loadings contributed from both primary emissions and secondary formation are commonly observed in the East Asian atmosphere 24, 25 due to enhanced development of urbanization and industrialization, particularly in China, and the studies on carbonaceous aerosols have received a great attention in China. [26] [27] [28] [29] [30] However, the origins and secondary formation processes of carbonaceous aerosols are not yet fully understood. It has been identied that North China is suffering from serious air pollution with extremely high aerosol loading and poor visibility in recent years. 31, 32 Tianjin is the most rapidly developing region in [35] [36] [37] [38] [39] [40] Based on the results obtained from this study together with the backward air mass trajectories, we discuss the sources of carbonaceous aerosols including the inuence of long-range transport of the air masses and secondary formation in North China. This paper also provides a baseline data of air quality in Tianjin, which would help to develop strategies to mitigate PM 2.5 pollution in North China.
Experimental section
Tianjin is a typical metropolis and the largest coastal city in North China, located at 39 N and 117 E on the lower reaches of Haihe River and adjacent to the Bohai Sea (see Fig. S1 in the ESI †), with a population of approximately 13 million and covering a land area of about 12 000 km 2 (https:// en.wikipedia.org/wiki/Tianjin). The weather is inuenced by the East Asian monsoon prevailing with cold and dry winter and hot and humid summer seasons. Coal is the main source of energy and the industrial terminal energy consumption accounts for about 66% to the total energy consumption, which is higher than that in Beijing and Shanghai.
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Fine aerosol (PM 2.5 ) sampling was performed at Tianjin University Weijin Lu campus, Nankai district in central Tianjin. PM 2.5 samples were collected on the roof top of a six-story building (about 20 m above ground level (AGL)) number 16 on day-(7:30 am to 7:00 pm local time) and night-time (7:30 pm to 7:00 am) bases in summer (July 6-19; n ¼ 27) 2016 using a high volume sampler (Tisch TE-PM 2.5 HVP-BL) and pre-combusted (450 C, 4 h) quartz ber lters (Pallex 2500QAT-UP).
Because the regional weather conditions remain relatively stable and no haze events occur in summer in Tianjin region, we consider that the midsummer ($2 week) period should represent the whole summer scenario. Whereas in winter, the PM 2.5 samples were collected on the rooop ($20 m AGL) of the building number 26 during November 10 to December 23, 2017 from 8:00 am to 7:30 pm for day-and 7:40 pm to 7:40 am for night-time (n ¼ 85). One blank lter sample was also collected in each season. Aer sampling, the lter samples were wrapped in aluminum foil and then sealed in zip-lock plastic bags and stored in freezer at À20 C until analysis.
EC and OC were measured using an OC/EC analyzer (Sunset Laboratory Inc., USA) following IMPROVE thermal-optical transmittance protocol as described elsewhere 9 and assuming the carbonate carbon to be negligible. Briey, a lter disc (1.8 cm in diameter) was placed in the thermal desorption chamber and then stepwise heating was applied in a He ow rst and then aer the initial ramp, the He gas was switched to He/O 2 mixture. The evolved CO 2 at different steps was measured by a non-dispersive infrared (NDIR) detector and the transmittance of light through the lter was used for OC correction. The analytical errors in duplicate analyses were within 2.26% for OC and 5.27% for EC.
An aliquot (4.52 cm 2 ) of each lter sample was extracted with organic free Milli-Q water under ultrasonication for 20 min. The water extracts were then passed through a syringe lter (Millex-GV, 0.22 mm, Millipore) and then measured for water-soluble organic carbon (WSOC) using a TOC analyzer (Shimadzu 5000A). The analytical error in duplicate analysis was within 5.52%. Concentrations of EC, OC and WSOC were corrected for eld blanks. The sum of OC and EC was considered as TC. The difference between OC and WSOC was considered as WIOC.
Due to lack of analytical method to separate SOC from primary OC (POC), an indirect approach was used to estimate the SOC by EC-tracer method, since EC and POC are emitted only from primary (combustion) sources (Turpin and Huntziker, 1995), assuming the POC contribution from noncombustion sources was negligible. Because the OC/EC ratio is assumed to be relatively constant for a given location and local meteorology, the minimum OC/EC observed in each season can be considered separately as a representative ratio of primary emissions for that location and season, 42 although it involves some degree of uncertainty. In this study, we estimated the SOC according to the following equation:
The possible uncertainties were checked using the lowest 5% of OC/EC values as primary OC/EC ratio.
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The uncertainty for the average SOC was 9.14% in summer and 25.9% in winter. These uncertainties are lower/comparable to that (AE28%) reported in other study, in which the primary OC/ EC was estimated from linear regression of the datasets of the primary-dominated OC and EC.
8 Therefore, the SOC estimated using (OC/EC) min as the primary OC/EC in this study is reasonable. d 13 C TC is determined using elemental analyzer coupled with isotope ratio mass spectrometry (EA/irMS, MAT253). A lter disc of (1.4 cm in diameter) sample was placed in a tin cup, introduced into EA and then oxidized in a combustion column packed with CuO at 1020 C. The derived CO 2 (and N 2 , obtained from NO x ) gases were transferred into EA/irMS via an interface (ConFlo II) for isotope ratio measurement. 
Results and discussion

Concentrations and temporal variations of carbonaceous components
Summary of Tianjin aerosol (PM 2.5 ) mass and concentrations of carbonaceous components in the PM 2.5 in day-and night-time in summer and winter are presented in However, as shown in Fig. 1 , all carbonaceous components, except SOC, and PM 2.5 as well showed no diurnal variation in both summer and winter. The SOC was found to be higher in daytime than that in nighttime in summer. The intensive sunlight and high temperature prevailed at local region should have promoted the enhanced formation of SOC in summer. Interestingly, the high abundance of WSOC than that of SOC in summer implies that the WSOC should have been derived from local primary emissions (e.g., biomass burning) as well. Whereas the high abundance of SOC in winter than that of WSOC in winter indicate that part of the SOC is water-insoluble in winter, although we do not preclude the uncertainties involved in the WSOC measurement and SOC estimation. In addition, WIOC was a major fraction of OC and accounted for 61% of the OC in winter. In fact, WIOC, SOC and WSOC showed a similar temporal trend in winter, which suggest that they should have been originated from same/similar sources and their formation processes might also be similar.
Comparison of OC and EC with literature
Concentrations of OC and EC, and OC/EC ratios observed in Tianjin PM 2.5 and those reported from other metropolitan areas over mainland China and other locale over the world are presented in Table 2 . The summertime OC and EC observed during our campaign in Tianjin were lower than those reported from Beijing, Shanghai, Xi'an, Chongqing, Taiyuan, Nanjing and Guangzhou, China as well as those reported in Tianjin in 2003 and 2010 (Table 2 ). However, the OC observed in winter was higher than that reported from Tianjin in 2010, Shanghai, Nanjing and Chongqing but much lower than that at Xi'an and comparable with that at Guangzhou ( Table 2 ). In contrast, the EC observed in Tianjin is lower than that reported from most of Chinese cities, but comparable with that reported at Taiyuan ( Table 2 ), indicating that the contribution of carbonaceous aerosols from coal combustion should be signicant in Tianjin. In fact, coal is the major source of energy in Taiyuan and its consumption is high in winter, and the PM 2.5 pollution is highest in Taiyuan over China.
Furthermore, the OC and EC levels in Tianjin PM 2.5 in winter were substantially higher than those in Vancouver and Toronto, Canada and New York (Table 2 ). Compared with the previous studies in Tianjin, the level of EC is greatly decreased but the OC loading remained at higher levels, particularly in winter. In addition, PM 2.5 was maximized in winter. Such high loading of PM 2.5 and OC and their comparisons with the literature suggest that the aerosol pollution is signicantly high in Tianjin and the emissions from coal combustion should be a major source, particularly in winter due to its high consumption for space heating.
Linear relations and mass ratios of selected components: implications for sources
It is well known that EC is generated from only primary sources such as fossil fuel combustion and biomass burning. Further the fraction of EC in the particles emitted from those sources depend on fuel type and burning conditions. 44 Hence, the scatter plots between EC and OC and their mass ratios could provide insights on the origins of OA and the importance of secondary formation and processing in the atmosphere. As shown in Fig. 2a and b , OC showed a strong correlation with EC in Tianjin PM 2.5 in winter whereas a weak correlation in summer. Such linearity implies that both EC and OC should have mainly been derived from fossil fuel combustion and/or biomass burning in winter. In summer, the other sources e.g., biogenic emission of volatile organic compounds (BVOCs) and subsequent secondary formation should have also played an important role. The higher slope value in winter than that in summer ( Fig. 2a and b) indicate that the contribution of OC from primary sources must be higher in winter than that in summer.
Average mass ratios with standard deviation of selected components in day-and night-time Tianjin PM 2.5 during summer and winter are depicted in Fig. 3 . The OC/EC ratios varied from 4.32 to 12.2 with an average of 8.02 AE 2.41 in summer and 3.83-17.0 (ave. 9.94 AE 2.78) in winter. These ratios were highly comparable to those (2.5-10.5) reported in the particles emitted from residential coal combustion 45 and biomass burning (8.1-12.7).
46,47 On the contrary, only the lower ends of OC/EC in Tianjin PM 2.5 were comparable to those in diesel-and gasoline-powered vehicular exhaust (1.0-4.2).
48,49
They were lower than those reported for the particles emitted from wood combustion (16.8-40.0) 50 and cooking (32.9-81.6).
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Such comparisons of OC/EC ratios with source signatures imply that Tianjin aerosols were mainly derived from coal combustion and biomass burning while vehicular exhaust might have also played an important role. Generally, the OC/EC ratios exceeding 2.0 have been considered as an indicator to show the presence of secondary OA. 52, 53 In Tianjin PM 2.5 , it was always exceeded 2.0 in summer and winter, suggesting that secondary formation and/or transformations of OA was signicant in both the seasons. On the other hand, OC/EC was higher in daytime than that in nighttime in both the seasons, although the variation was insigni-cant in winter (Fig. 3) , which indicate that in situ photochemical formation of OA was signicant in daytime. The elevated OC/EC in winter can be attributed to enhanced consumption of coal for heating and stagnant conditions in winter.
The mass fraction of WSOC in OC that can be regarded as an indicator of photochemical processing (aging) of aerosols in the atmosphere 54 was accounted for 20% to 80% in Tianjin PM 2.5 . The WSOC/OC (0.63) was found to be higher in summer than that in winter (0.39). The range (0.37-0.84) and average (0.63) of WSOC/OC in Tianjin summertime aerosols were comparable to those (range 0.38-0.72, ave. 0.66) reported at a Great Hungarian rural site situated on forest clearing area, 55 at suburb of Nanjing, China (0.40-0.51) 56 and at Chennai, India (0.23-0.61), 9 where biomass burning was considered as the major source of aerosols. On the other hand, they were comparable to that reported in Yellow River Delta (0.56), a regional background receptor site on the coast of Bohai Sea, where the contribution from marine biogenic emissions and secondary formation is signicant. 57 In fact, the air masses arrived at Tianjin in summer were originated from the Pacic Ocean and passed over the Bohai Sea and coastal China (Fig. S2 †) . In contrast, the range (0.20-0.53) and average (0.39) of WSOC/OC in Tianjin wintertime PM 2.5 were comparable to those (0.19 in winter, 0.35 in summer and autumn) reported in Tokyo, where emissions from fossil fuel combustion emissions are signicant. 8 These comparisons suggest that the Tianjin aerosols should have been mainly originated from biomass burning and biogenic emissions and more aged in summer whereas in winter, they should have been originated from fossil fuel combustion. On the other hand, WSOC/EC was found to be much higher in daytime than nighttime in summer but not in winter (Fig. 3) , which indicates that in situ photochemical formation of WSOC might also be signicant in Tianjin during the summer. However, both WSOC and WIOC showed a good linear relation (R 2 ¼ 0.55 and 0.67, respectively) with EC, which suggest that they should have been originated from anthropogenic emissions and formed by in situ secondary processes at local scale rather than from the long-range transported air masses. In fact, the consumption of coal and biomass energy is much higher in winter for space heating in Tianjin. WIOC in the urban atmosphere is composed of aliphatic hydrocarbons, long-chain ketones, alkanols, and polycyclic aromatic hydrocarbons that are most likely generated from incomplete combustion of fossil fuels and cooking activities.
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In marine regions, the biogenic organic matter such as bacterial and viral debris as well as phytoplankton debris emitted into the atmosphere account for a major fraction of WIOC.
59,60
Interestingly, WIOC/OC did not vary between day-and nighttime, which is opposite to that of WSOC/OC in summer, whereas the average WIOC/EC showed a slightly higher value in the daytime than that in nighttime in both summer and winter (Fig. 3) . Further WIOC accounted for a major fraction of OC (61%) in winter. In addition, WIOC showed a strong correlation (R 2 ¼ 0.67) with EC in winter. Such results imply that WIOC and EC should have been originated from a common source(s) such as coal combustion and biomass burning but part of the WIOC should have been generated by in situ secondary formation. Average WIOC/OC ratios (0.37 in summer and 0.61 in winter) in Tianjin PM 2.5 were comparable to that (0.55) reported in Chennai aerosols, India, which were considered to be mainly originated from biomass burning and aged during long-range transport.
9 WIOC/EC (2.88) was also comparable to that (3.6 in summer and 0.8 in winter) in Chennai aerosols 9 in summer, although it (6.01) was much higher in winter. Such enhancement in the WIOC/EC in Tianjin PM 2.5 is likely because OC/EC ratios highly depend on type of biofuel/biomass and burn rate 44 and the contribution from coal combustion 45 as well. In addition, the WIOC/EC (range, 1.10-5.31 in summer and 2.56-10.6 in winter), except the lower ends in summer, were higher than those (0.90-1.31) reported in Tokyo, where fossil fuel (excluding coal) combustion was expected as the major source.
8 These comparisons further support that WIOC in Tianjin PM 2.5 should have been derived from biomass burning and coal combustion as well as by secondary formation.
In consistence with the seasonality in SOC loading; high in winter and low in summer (Fig. 1) , the mass ratios of SOC/OC were higher in winter (0.58) than that in summer (0. 41) and showed no diurnal variation in winter (Fig. 3) . Such seasonal pattern of both concentrations of SOC and SOC/OC are similar to that reported in Beijing. 43 It is worth to note that among the measured components including WSOC, which is generally believed to be mainly generated by secondary formation in the atmosphere, 6 SOC is the only component that showed a clear diurnal variation at least in summer. Furthermore, we found a weak correlation between SOC and WSOC in daytime (R 2 ¼ 0.25) and no relation in nighttime during summer. It suggests that a fraction of WIOC should also have been produced by photochemical processes of gaseous organic species, and WSOC should have been signicantly contributed from biomass burning in addition to the secondary formation. In winter, both SOC and WSOC and their mass fractions in OC did not show any signicant diurnal variation in winter (Fig. 3) . However, the SOC showed a strong correlation with both WSOC and WIOC and their slopes were also signicantly high in winter but not in summer (Fig. 2c-f) . It implies that the origins and secondary formation and/or transformation processes of Tianjin aerosols in winter were different from those in summer, and also most of the WIOC was generated by secondary processes. In fact, simulations, eld observation and laboratory studies reported that the secondary formation of OA in the Chinese atmosphere is highly enhanced in wintertime and the aqueous phase reactions have been proposed to be more prominent. 25, 61 Therefore, the enhanced formation of SOC, including WIOC, in Tianjin aerosols is likely, however, the formation processes of the water-insoluble organic species needs to be explored further. (excluding coal) combustion and biomass burning and subjected for signicant aging during long-range transport in summer. In contrast, the d 13 C TC in Tianjin wintertime PM 2.5 were comparable to those reported in the particles emitted from coal combustion (Fig. 4a) . In addition, their lower ends were comparable to those of the higher ends reported for the particles emitted from C 3 plant biomass burning (Fig. 4a) . Such comparisons indicate that both coal combustion and biomass burning should be the major sources of Tianjin aerosols in winter.
As shown in Fig. 4b, d 13 C TC in Tianjin PM 2.5 showed a positive correlation with TC, although it is weak, in summer. Further, the linear relation of d 13 C TC was higher by factor of 2 with WSOC than that with TC (Fig. 4b) . On the contrary, the d 13 C TC did not show a signicant relation either with TC or with WSOC in winter. In fact, the linearity between them was negative, though the coefficient is very small (Fig. 4b) . It is well established that formation of WSOC is increased with aging of aerosols due to photochemical transformations of OC that result in more oxygenated compounds, for example; carbonyls to carboxylic acids and to dicarboxylic acids. 62 On the other hand, the 13 C is enriched in the compounds remained in the same phase, if some of the product species are gases, and thus the d 13 C TC is increased with the aging. 35 Therefore, the linear relations of d 13 C TC with TC and WSOC imply that the aging of Tianjin aerosols during long-range transport is signicant in summer. Whereas in winter, as noted earlier, the emissions from coal combustion and biomass burning at local scale and in situ secondary formation should be dominant rather than from the long-range transported aged air masses. The backward air mass trajectories, which were travelled at signicant height AGL in summer and at lesser than 500 m AGL in winter (Fig. S2 †) , also suggest that the convection of the air masses from distant sources to Tianjin might be insignicant in winter.
Summary and conclusions
PM 2.5 samples collected on day-and night-time bases in summer (July) and winter (November and December) 2016 in the Tianjin urban atmosphere, North China were studied for OC, EC, WSOC and d 13 C TC . WIOC was calculated from OC and WSOC concentrations and SOC was estimated by EC-tracer based approach. Concentrations of all the components were found to be higher in winter than those in summer. Further the 13 C was enriched in summer PM 2.5 than that in the winter PM 2.5 . Mass ratios of WSOC/OC and WSOC/EC and d 13 C TC suggest that Tianjin aerosols were derived from biomass burning and marine emissions and signicantly aged during long-range atmospheric transport in summer. In contrast, the relations of OC and EC and WSOC and WIOC with SOC together with their mass ratios and d 13 C TC indicate that the emissions from coal combustion and biomass burning and in situ secondary formation are dominant in winter. Finally, the results obtained from this study can be considered as a baseline data of carbonaceous aerosols in North China.
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